A niobium membrane sample was placed in H or D plasma and electrically biased. Isotope effects for H vs. D in factors of 20, 40 and 40, respectively, were observed in plasma driven permeation, retention, and in the reemission, within a narrow range of bias voltages (40-80 V) at the lowest metal temperature investigated (910 K). The phenomenon occurred at the "superpermeation" of suprathermal hydrogen arising from an oxygen monolayer at the metal surface. The phenomenon is supposed to be caused by dynamics of the oxygen monolayer under the action of ion sputtering and surface segregation of dissolved O. Such and even much stronger isotope effects are also expected on other metals with a similar "real" surface. This isotope effect may be important for D/T-mixture recycling, retention and permeation at its interactions with plasma facing components of fusion reactors as well as for the applications of superpermeable membranes for pumping of hydrogen isotopes and their separation from He.
INTRODUCTION
Studies involving the simplest atomic particles such as hydrogen molecules, atoms, and ions, present a particular significance for the physics of interactions of atomic particles with solids. Isotope effects in hydrogen/solid systems is a typical subject of investigations, as the effect of particle mass on phenomena observed is an important feature of theoretical speculations [1, 2] . Of great interest is, e.g., the strong isotope effect in the diffusivity of H, D, and T in V, Nb and Ta at temperatures < -50° C [2, 3] .
Peculiar isotope effects in hydrogen/solid systems become particularly important in view of the development of fusion reactors where energetic D/T particles will interact with plasma facing components.
This includes such phenomena as hydrogen retention, permeation and reemission responsible for D/T recycling and tritium safety. Effects of surface chemistry play a very special role in these phenomena, if hydrogen particles posses a suprathermal energy [4] . A monolayer of nonmetallic impurity that usually covers a metal "real" surface for e.g. may drastically impede reemission, and at the same time radically enhance retention and permeation. Moreover, permeation even may reach up to the "superpermeation" due to such a film, meaning that a metal membrane of macroscopic thickness becomes virtually "transparent" to hydrogen particles whose energy exceeds ~ 1eV. The suppressed reemission of D/T particles as well as their enhanced retention and permeation at the interaction with plasma facing materials are extremely undesirable during normal reactor operation as well as for safety reasons. On the other hand, the superpermeation and enhanced absorption may be an effective means of D/T pumping [5] and separation from He [6] in fusion reactors and their models.
A superpermeable Nb membrane is used as a sample in this study. The paper is focused on the more than an order-of-magnitude difference in Nb permeability to hydrogen and deuterium at bombarding the metal by H and D ions within a narrow range of ion energies (tens of eV) in a definite range of metal temperatures (~ 900 K). If the authors' interpretation is correct, then, (1) the effect may be a few orders of magnitude greater, (2) a similar isotope effect is to be expected on other metals as well, and, (3) a similar effect does appear in hydrogen absorption and reemission.
EXPERIMENTAL SETUP
The present investigation was carried out at the plasma -membrane setup described in more details in Refs. [7] . A resistively heated tubular membrane of Nb (1 cm in diameter, 18 cm long and 0.01 cm wall thickness) is immersed into a hydrogen or deuterium plasma filling a chamber 44 cm in diameter in height and 45 cm as shown in Fig. 1 (in fact two of the same membrane samples are installed simultaneously). The plasma is generated by an electric discharge between a set of sixteen hot tantalum cathode filaments located close to the chamber wall in a multicusp magnetic field and the chamber wall, serving as the anode [8] . The plasma density is about 5x10 10 cm -3 , and the electron temperature is approximately 0.6 eV [8] The membrane specimen is made of a polycrystalline Nb foil. Auger Electron Spectroscopy (AES) analysis of the membrane material showed that oxygen and carbon were the main nonmetallic impurities that remained, in the form of a monolayer coating, on the surface of specimen after heating (> 550°C) in vacuum. The same impurities segregated again to the surface from the metal bulk after the surface was submitted to Ar + ion bombardment followed with heating in UHV. The membrane sample was subjected to a 1500 K heating in vacuum prior to the experiment.
EXPERIMENTAL RESULTS AND DISCUSSION
Experimental results. Dependencies on bias/energy of the steady-state permeation fluxes driven by H and D plasmas, j H and j D , respectively, and of the isotope effect, j H / j D , are presented in Fig. 2 . One can single out three different zones: (1) at a low incident energy, the permeation is energy/bias-independent in the first approximation; (2) with energy rising, the permeation is dropping; and, (3) at a further energy increase, the permeation becomes almost energy-independent again, but at a lower level. At the lowest temperature, all the three zones are most pronounced, whereas at the highest temperature, the high-permeation zone is spreading over the entire energy range investigated. Note that ion species bombarding the sample were mainly and . The energy per nucleon for these ions is smaller by a factor 2 and 3, respectively, than the incident ion energy indicated. The isotope effect is quite ordinary everywhere except for a narrow range of incident energies at the lowest studied temperature (910 K) where j H /j D exhibits a sharp maximum with a height ~20. The anomaly is due to a sharp decrease in D permeation between 30 and The role of nonmetallic monolayer. As indicated above, the Auger Electron Spectroscopy Analysis [7, 9] shows the presence of a very stable O monolayer on Nb surface remaining after the dissolution in metal bulk of virgin polyatomic oxide film during heating in high vacuum at T > 900 K. Such a monolayer gives rise to potential barriers, E u and E d , at the membrane up-and downstream sides that drastically hinder the dissociation of H 2 /D 2 molecules at their thermal absorption in the metal, with the probabilities of these processes (sticking coefficients), The role of nonmetallic monolayer. As indicated above, the Auger Electron Spectroscopy Analysis [7, 9] shows the presence of a very stable O monolayer on Nb surface remaining after the dissolution in metal bulk of virgin polyatomic oxide film during heating in high vacuum at T > 900 K. Such a monolayer gives rise to potential barriers, E u u and E d , at the membrane up-and downstream sides that drastically hinder the dissociation of H 2 /D 2 molecules at their thermal absorption in the metal, with the probabilities of these processes (sticking coefficients), and d α , being [4] : [7] . prevent the association of absorbed H/D atoms into H 2 /D 2 molecules at their thermal evolution as well [4, 7] , with the desorption rate constants k ru and k rd related to α u and α d as:
where S is a solubility constant of H 2 /D 2 in metal, and z is the kinetic gas theory coefficient. Hydrogen evolution may be inhibited with such barriers to such an extent that the absorbed atoms reach the opposite side of the membrane with a greater probability than are reemitted back. The downstream barrier also reflects the absorbed atoms to make them "oscillate" between the two boundaries by way of usual random-walk diffusion. As a result, the absorbed atoms "forget" their starting position, with their desorption through the up-or downstream surfaces depending only on relative values of the desorption rate constants k ru and k rd . Hence the steady state permeation flux, j, is given by:
where j inc is an incident flux, and ξ is a probability of absorption at one impact on the surface. In the specific case of the Group Va metals (including Nb), such a permeation regime (the so called regime of "strong internal reflection" [10] , or "RR-regime" [11] ) occurs over practically the whole range of temperatures, flux densities, and membrane thickness of interest [4, 7] . Suprathermal hydrogen particles whose energy (kinetic, internal, or chemical) exceeds ~ 1 eV may pass freely into metal in spite of the barrier, i.e., ξ is independent of T and varies between ~ 0.1 and 1, conditioned only by reflection coefficient [12] . Accordingly, the permeation of suprathermal particles is given by:
Thus, due to the barrier generated by a nonmetallic film, the permeation flux may become comparable to the incident one and temperature-independent. That is the mentioned above "superpermeation" (e.g., Refs. [4, 7] ). The superpermeation of both the H and D atoms of thermal kinetic energies and of more energetic particles was demonstrated on many metals (including Nb) with controlled chemical composition of the surfaces (e.g., Refs. [4, 13] ). The plasma driven permeation presented in Fig. 2 (Fig. 2a-c) ; that conforms with previous results obtained on the same apparatus with H plasma [7] .
The role of sputtering. The drop in permeation at higher energies (Fig. 2b,c) implies an increase of reemission. The direct ion-induced reemission is negligible at these rather high T [4, 13] , but ion bombardment may strongly enhance the thermal absorption/desorption processes due to sputtering of the O monolayer [4, 7] at ion energies exceeding the sputtering threshold (just for instance, the difference in α and in k r for the clean surface of a transition metal and for the surface covered by nonmetallic monolayer is typically in excess of 3 orders of magnitude [4, 14] ). We denote with upper indices H 
Thus the idea is that the steep permeation drop and the anomalous isotope effect observed when the incident energy exceeds a certain value (Fig. 2) are due to the energy exceeding the threshold of O monolayer sputtering and to a drastic change in the rate of sputtering in the vicinity of threshold energy, which makes in eqs. (5) and (6) 
here M O is the mass of O atom in a.m.u., γ H,D is the 2 , is the threshold energy of sputtering:
, and U Nb-O is bonding energy of an O atom. We applied eq. (7) to the sputtering of surface O atoms from NbO, so we took for the bonding energy that in NbO: U Nb-O = 6.95 eV [16] . The result is presented in Fig. 3 . Though this calculation hardly describes the sputtering of chemisorbed O atoms (our case) quantitatively, Fig. 3 does demonstrate the main trends: a dramatic change in with E changing, and a drastic isotope effect in the near threshold energy range.
The simplest case would be, if one might disregard a possible continuous repair of sputtered nonmetallic monolayer even in the near-threshold energy range where the sputtering coefficient is relatively small (Fig. 3) . In such a case, a smallest overstepping of would lead to a complete removal of nonmetallic monolayer from the upstream surface and, consequently, to an immense rise. Thus, according to eq. (5) and as shown in Fig. 4 , an orders-of-magnitude stepwise dropping of j Effects of the dynamics of impurities. However, such a picture is at a variance with the reality (Fig. 2) . A more realistic description must account for that oxygen monolayer may be dynamically restored during sputtering.
In the absence of sputtering, O at the surface is 
The surface segregation [18] continues to maintain an O coverage even under sputtering. Hence sputtering never resulted in a complete cleaning of the upstream surface in our experiment -it damaged, but only slightly, the equilibrium monolayer ( was kept valid) [7, 18] respectively, were observed in plasma driven permeation, retention, and in the reemission, at the interactions of Nb with H and D plasmas within a narrow range of bias voltages (40-80 V) at the lowest metal temperature investigated (910 K). The phenomenon occurred at the "superpermeation" of suprathermal hydrogen arising from an oxygen monolayer at the metal surface. The phenomenon is supposed to be due to the oxygen monolayer dynamics under the action of ion sputtering and surface segregation of dissolved O. Such and even much stronger isotope effects are also expected on other metals having a similar "real" surface. This isotope effect should be taken into account at consideration of D/Tmixture recycling, retention and permeation at its interactions with plasma facing components of fusion reactors as well as at the applications of superpermeable membranes for pumping of hydrogen isotopes and their separation from He.
